INTRODUCTION
Peripheral blood monocytes (Mn) represent the early mononuclear phagocyte component of the leukocyte infiltrate at sites of inflammation and tumor growth, where they are recruited from the circulation along defined chemotactic gradients terminally differentiating into inflammatory and tumor-associated macrophages (Mf) [1] . Mn/Mf are highly versatile cells able to express different functional programs in response to signals of various nature, which include cytokines and growth factors [2, 3] , viral or bacterial products [4] , cellular metabolites [2, 5] , and tissue-specific stimuli [6] . A common denominator of many pathological processes is represented by low partial oxygen pressure (pO 2 ; Ͻ20 mm Hg; hypoxia) [7] [8] [9] . Mononuclear phagocytes accumulate and are retained in avascular and hypoxic/necrotic areas of solid tumors, wounds, atherosclerotic plaques, and arthritic joints, where they undergo marked changes in gene transcription that result in the onset of a unique "hypoxic" phenotype [1, 10] . Hypoxia can profoundly modify Mn/Mf functional status by modulating the expression of genes with angiogenic, proinflammatory, and immunologic relevance [11] [12] [13] [14] , with important implications for the pathogenesis of inflammatory diseases and tumor progression [7, 9, 10, 15] . Mononuclear phagocytes express a unique repertoire of chemokine receptors and are an important source of chemokines. Low O 2 availability could finely tune the chemotactic network in cells of the Mn lineage by differentially modulating receptor, CXCR4 [16] and CCR5 [17] , and ligand, CCL2 [18] , CCL3 [18] , CXCL2 [19] , and CXCL8 [15] , expression patterns, thus representing a key determinant for leukocyte recruitment and activation in pathological tissues [1] .
Activation of gene transcription is the primary mechanism by which mammalian cells respond to decreased pO 2 and is mediated primarily by the hypoxia-inducible factor-1 (HIF-1), a heterodimeric basic helix-loop-helix NF composed of a constitutive ␤ subunit (HIF-1␤) and an oxygen-sensitive ␣ subunit (HIF-1␣, -2␣, or -3␣) [7, 20 -22] . The ␣ subunits are post-translationally stabilized under hypoxia and translocate to the nucleus, where they heterodimerize with HIF-1␤, transactivating the hypoxia responsive element (HRE) present in the promoter of many hypoxia-responsive genes (for a review, see refs. [7, 20] ). Transcriptional activation by hypoxia is a complex and tightly regulated process, which requires functional and/or physical HIF-1 interaction with various cofactors and other transcription factors [20, [23] [24] [25] , and HIF-independent pathways mediating gene transcription activation by hypoxia were also described [26 -28] . Hypoxic up-regulation of HIF-1␣ and HIF-2␣ has been demonstrated in mononuclear phagocytes in vitro and in vivo [21, 29, 30] , and Cramer et al. [31] have recently demonstrated the relevance of HIF-1␣ for Mn/Mf recruitment at hypoxic sites and for activation of their proinflammatory and immunoregulatory responses. Moreover, a diverse array of hypoxia-responsive genes endowed with transcriptional activity has been found in cells of the Mn lineage [14, 32] , and transcription factors other than HIFs were shown to be activated by hypoxia, directly or indirectly, and to contribute to cytokine and chemokine gene regulation in mononuclear phagocytes [15, 19, 33] .
We have recently identified the CC-chemokine MIP-3␣ (also known as CCL20), a selective chemoattractant for immature dendritic cells (iDC), effector/memory T lymphocytes, and naive B cells [34] , as a new hypoxia-inducible gene in human peripheral blood Mn [14] . Given its central role in the control of innate and acquired immunity [34] , we were interested in further characterizing CCL20 regulation by hypoxia in mononuclear phagocytes. We show rapid and reversible hypoxic induction of CCL20 in primary human Mn and Mn-derived Mf (MDM) and demonstrate that the NF-B pathway is directly responsible for CCL20 transcriptional activation. Furthermore, we provide the first evidence that hypoxia differentially modulates the NF-B family members in primary human Mn and that NF-Bp50 is the mediator of CCL20 promoter transactivation by hypoxia.
MATERIALS AND METHODS

Cells and culture conditions
Human peripheral blood Mn were isolated from platelet-apheresis of healthy donors, obtained by the Blood Transfusion Center of the Gaslini Institute (Genova, Italy), by density gradient centrifugation on a Ficoll cushion (FicollPaque TM PLUS, Amersham, Milano, Italy), followed by counter-current centrifugal elutriation (JE-6 elutriation chamber and Avanti TM J-20XP rotor system, Beckman, Milano, Italy) and MACS magnetic bead separation (Human Monocyte Isolation Kit-II, Miltenyi Biotec, Bologna, Italy), as detailed in ref. [14] . MDM were obtained by Mn adherence to tissue-culture plates (Falcon, Sacco, Cadorago, CO, Italy) and culture for 7 days in RPMI 1640 (Euroclone, Celbio, Milano, Italy), supplemented with 2.5% human AB serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin (Celbio). Mn and MDM purity was Ն95%, as assessed by immunostaining with anti-CD14 and anti-CD68 mAb (BD PharMingen, Milano, Italy), respectively. The human monocytic cell line U937 was purchased from American Type Culture Collection (Manassas, VA, USA). The mouse Mf cell line, ANA-1, was established by infecting bone marrow-derived cells from C57BL/6 mice with the J2 recombinant retrovirus carrying the v-raf/v-myc oncogenes [13] . Human cells were cultured in RPMI 1640 supplemented with 10% heat-inactivated FCS (HyClone, Celbio), whereas ANA-1 Mf were grown in DMEM (Euroclone) supplemented with 5% FCS.
For experimental purpose, cells were maintained for the indicated timepoints at 37°C in a humidified incubator containing 21% O 2 , 5% CO 2 , and 75% N 2 , referred to as normoxic conditions. Hypoxic conditions (i.e., 1% O 2 , equivalent to 7.1 mm Hg) [7, 9] were achieved by cell incubation and handling at 37°C in a humidified anaerobic workstation incubator (BUG BOX, ALC International, Milano, Italy) flushed with 94% N 2 , 5% CO 2 , and 1% O 2 , as detailed [14] . The endotoxin content, determined by the Limulus amebocyte lysate test (QCL-1000, BioWhittaker, Walkersville, MD, USA), was Ͻ0.125 EU/ml in all reagents.
Real-time RT-PCR
Total RNA was purified using the RNeasy mini kit (Qiagen, Milano, Italy). The quality control of RNA integrity was carried out with a Bioanalyzer 2100 (Agilent, Waldbroon, Germany). RNA (1 g) was reverse-transcribed into double-stranded cDNA on a GeneAmp PCR System 2700 (Applied Biosystems, Milano, Italy), using the Advantage RT-for-PCR kit (Becton Dickinson, San Jose, CA, USA), according to the manufacturer's instructions. Real-time quantitative RT-PCR (qRT-PCR) was performed in triplicate for each target transcript on a 7500 Real-Time PCR system (Applied Biosystems), using SYBR Green PCR Master Mix and 300 nM sense and antisense oligonucleotide primers (TIBMolbiol, Genova, Italy; listed in Table 1 ), as detailed previously [14] . Expression data were normalized on the values obtained in parallel for the ARPC1B, LAPTM5, and THBS1 reference genes [14] , using the Bestkeeper software [35] . Relative expression values were calculated using Q-gene software [36] .
Northern blot analysis
Total RNA (10 g/lane) was electrophoresed under denaturing conditions on a 1.2% agarose/2.2 M formaldehyde gel and transferred to Nytran membranes (Schleicher & Schuell Inc., Keen, NH, USA). Hybridization was carried out with [ 32 P]dCTP (Amersham)-radiolabeled human CCL20 cDNA [37] , kindly provided by Prof. T. Matsuyama (Nagasaki University Graduate School of Biomedical Sciences, Japan), as described [18] . Densitometric analysis of the autoradiographs and quantitative assessment of the band intensities were carried out with the VersaDoc Image Analyzer from BioRad Laboratories (Hercules, CA, USA). For each sample, expression values were normalized to the corresponding level of ethidium bromide-stained 18S rRNA.
ELISA
Secreted CCL20 was measured in cell-free supernatants using the Quantikine human CCL20 immunoassay kit from R&D Systems (Milano, Italy; Space Import Export S.r.l.), according to the manufacturer's instructions. OD was determined by a Spectrafluor Plus plate reader (Tecan, Milano, Italy) at 450 nm. All assays were done in duplicate and repeated three times. Data were analyzed with the GraphPad Prism 3 software (GraphPad Software, San Diego, CA, USA).
Plasmids
The pGL2-MIP-3␣ reporter plasmid, containing the -871/ϩ58 fragment of the human CCL20 promoter, cloned into the promoterless firefly luciferase reporter vector pGL2-basic, and the pGL2-MIP-3␣/mB luciferase construct, with an inactivated NF-B-binding site (nt -92 to -82) [38] , were kindly provided by Prof. T. Matsuyama. To obtain deletion constructs, oligonucleotide primers bearing suitable restriction sites at the 5Ј ends (KpnI for forward primers; XhoI for the reverse primer; listed in Table 2 ) were synthesized (TIBMolbiol) and used for CCL20 promoter fragment amplification by PCR. Fragments of PCR were digested with the appropriate restriction enzymes and directionally subcloned into the KpnI/XhoI sites of the linearized pGL2-basic vector. Mutant reporter constructs containing targeted substitutions in the AP-1 and Etsbinding sites were prepared by in vitro mutagenesis using the QuikChange II XL site-directed mutagenesis kit (Stratagene, Milano, Italy) and the following oligos (TIBMolbiol): mAP-1: 5Ј-ACTGGATGAAAGTCTTTTCTCACTCACA-GGGCTGAGCTGCT-3Ј; mEts: 5Ј-CCCAATATGAGGAAAAAGCAGCCCGT-TTTCCTTGCGGGTT-3Ј (mutations in bold). All constructs were bidirectionally sequenced using the CEQ DTCS Quick Start kit (Beckman) and a CEQ 2000 XL DNA automated sequence analyzer (Beckman) following purification with the GeneDia Seq-prep GD400 kit (GeneDia, Lammari, LU, Italy). pGL3-3x-B and pGL3-3x-mB constructs were generated by subcloning three tandem copies of the double-strand oligos (see Fig. 5A ), encompassing the wild-type or the mutated CCL20 NF-B-binding site, into the KpnI/XhoI restriction sites of the pGL3-promoter vector (Promega, Milano, Italy), 5Ј upstream of a minimal SV40 promoter (⌬SV40)-driven luciferase coding sequence.
pGL2-HRE construct, expressing the luciferase gene under control of a hypoxia responsive synthetic promoter, was generated by subcloning three copies of the HRE (5Ј-GTGACTACGTGCTGCCTAG-3Ј) from the mouse inducible NO synthase (iNOS) promoter [13] into the pGL2 promoter vector (Promega) upstream of the ⌬SV40 promoter.
The expression vector p-respiratory syncytial virus (pRSV)-NF-B1, encoding the NF-Bp50 transcription factor driven by the RSV promoter [39] , was a kind gift of Dr. H. Young [National Cancer Institute-Frederick Cancer Research and Development Center (NCI-FCRDC), Frederick, MD, USA].
Plasmid VEGF-P7, containing a 1005-bp fragment from the human VEGF 5Ј flanking sequence (-1005 to ϩ306) upstream of the firefly luciferase gene, was described previously [40] .
Cell transfection and luciferase assay
Transient transfection with luciferase reporter constructs (10 g DNA/10 7 cells) was performed by a modification of the DEAE-dextran method, as described [13] . To correct for variations in DNA uptake, each construct was cotransfected with 1 g pRL-TK luciferase control vector (Promega), containing the Renilla luciferase gene under control of the HSV-Tk promoter. Twentyfour hours after transfection, cells (1ϫ10 6 /ml) were exposed to hypoxia or normoxia for an additional 16 h and lysed with 1ϫ luciferase assay passive lysis buffer (Promega). Lysates were adjusted for protein concentration, determined using the BioRad protein assay. Firefly and Renilla luciferase activities were then assayed with the Dual-Luciferase reporter assay system (Promega) according to the manufacturer's recommendations using a TD 20/20 luminometer (Turner Biosystem, Promega). All assays were done in duplicate and repeated at least three times.
Construction of lentiviral vector expressing short hairprin (sh)RNA to NF-Bp50 and cell transduction shRNAs (five sequences) targeting the human NFBp50 (shp50) were obtained from the Lentiviral Expression Arrest-TRC Library (Open Biosystems, Celbio) [41] . pLKO1 lentivector expressing control shRNA (LV-shC) was modified by substitution of the puromycin-resistance gene with a KpnI-BamHI fragment from pCCL containing enhanced GFP (EGFP)-woodchuck post-transcriptional regulatory element. High-titer self-inactivating lentiviral particles carrying shp50 (LV-shp50) were produced as described previously [42] , and efficacy of the constructs was tested by transduction into Sup-M2-TS cells and quantification of NF-Bp50 transcript levels by qRT-PCR. The lentiviral construct with the highest knockdown performance (Ͼ85% relative to mock-infected cells) was used for infection of Mn cells. Briefly, exponentially growing U937 cells were seeded at a density of 2.5 ϫ 10 5 /ml/well in a six-well culture plate (Falcon) and infected with 200 l unconcentrated LV-shp50-containing supernatants in the presence of 8 g/ml polybrene. Fresh medium was added 24 h after infection, and stable transfectants were selected by treatment with 2 g/ml puromycin (Sigma, Milano, Italy) for an additional 5 days. Infectivity was determined by FACS analysis of cells transduced with the LV-shC lentivector expressing control shRNA and EGFP, as detailed [43] .
Preparation of nuclear extracts
Nuclear extracts were prepared by modification of a standard protocol [18] . Briefly, cells were washed twice with ice-cold PBS and centrifuged at 1200 rpm for 5 min at 4°C. Pellets were solubilized in a hypotonic buffer [15 mM KCl, 10 mM Hepes, pH 7.6, 2 mM MgCl 2, 0.1mM EDTA, 1 mM DTT, 0.1% Nonidet P-40, 1 mM Na Vanadate, 1 mM NaF, 1 mM aminoethyl-benzenesulfonylfluoride (AEBSF)] containing 10 g/ml of the protease inhibitors leupeptin, aprotinin, and pepstatin for 10 min on ice, and cytosolic extracts were recovered by centrifugation at 1000 rpm for 1 min at 4°C. Nuclear pellets were solubilized in lysis buffer (2 M KCl, 25 mM Hepes, pH 7.6, 0.1 mM EDTA, 1 mM DTT, 1 mM Na Vanadate, 1 mM AEBSF, 10 g/ml protease inhibitors) for 20 min on ice. Dilution buffer (25 mM Hepes, pH 7.6, 0.1 mM EDTA, 1 mM DTT, 20% glycerol, 1 mM Na Vanadate, 1 mM AEBSF, 10 g/ml protease 
For 5Ј-CATCAT GGTACC GGCAACACGCCTTCTGTGTACATTC-3Ј (-77; ϩ58)
Rev 5Ј-CATCATCAT CTCGAG GGTTTTTAGCTCAAAGAACAGATCTGC-3Ј a CCL20 promoter deletion fragments were generated by PCR. b Restriction sites for cloning are underlined.
inhibitors) was then added to the suspension, debris pelletted by centrifugation at 15,000 rpm for 15 min, and nuclear extracts stored at -80°C.
Western blot analysis
Protein extracts (40 g) were electrophoresed on 10% SDS-PAGE and electroblotted to Immobilon-P nitrocellulose membranes (Millipore, Bredford, MA, USA). A prestained protein marker (175-6.5 kDa; neuroepithelial bodies) was run as a molecular size standard. Immunoblotting was performed as described previously [18] with anti-NF-B (p50, p65, and c-Rel) rabbit polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-actin antibody (Santa Cruz Biotechnology) as an internal loading control. Chemiluminescence detection was carried out with peroxidase-conjugated goat antirabbit antibodies (Sigma) using an ECL kit (Pierce, Celbio) according to the manufacturer's instructions. Densitometry and quantitative assessment of band intensities was carried out with the VersaDoc image analyzer.
EMSA and UV-cross-linking analysis
Double-strand oligonucleotides (TIBMolbiol) corresponding to -99/-69 bp of the CCL20 promoter sequence and encompassing the wild-type and mutated NF-B site (see Fig. 6A ) were 5Ј-end-labeled by [␣-32 P]dCTP. EMSAs were performed as described [13] . Briefly, 5 g nuclear extracts were incubated at room temperature for 30 min with radiolabeled probe (20,000 cpm/reaction) in a 25-l reaction mixture containing 1ϫ binding buffer (BB; 20 mM HEPES, 50 mM KCl, 1 mM DTT, 1 mM EDTA, 5% glycerol) and 2 g polyinosinic: polycytidylic acid (Amersham). Competition and supershift experiments were performed by preincubating nuclear extracts in BB in the presence of 50-fold molar excess of unlabeled B wild-type (B-wt) or B mutant (B-mut) oligo and 200 ng rabbit polyclonal antibodies specific for NF-B p50, p65, or c-Rel, respectively, for 15 min at room temperature before addition of the radiolabeled probe. Nucleoprotein complexes were separated from free DNA probe by electrophoresis on a 4% nondenaturating poly/bisacrylamide gel for 3 h at 200 V and 4°C. Gels were vacuum-dried in a BioRad gel dryer and exposed to X-ray film at -80°C. For UV-cross-linking analysis, 40 g nuclear extracts were incubated with the radiolabeled probe, and the mixture was irradiated with a 254-nM UV light source (UVGL-25 mineral-light lamp, UVP, Upland, CA, USA) for 20 min on ice. The UV-cross-linked complexes were resolved on 10% SDS-PAGE. After two washings in 10% acetic acid and 30% methyl alcohol, gels were vacuum-dried and exposed to X-ray films.
Statistical analysis
Data are the mean Ϯ SE of at least three independent experiments, unless specified differently in the text. The Student's t-test was used to determine the significance of the results (significance at PϽ0.01). Significance was only indicated when appropriate.
RESULTS
Hypoxia induces CCL20 in human mononuclear phagocytes
Initial experiments were carried out to assess hypoxia effects on CCL20 expression in human Mn. Peripheral blood Mn purified from three different donors were cultured for 16 h in 1% O 2 , a condition that effectively modulates gene expression in these cells [12, 14, 16] , and CCL20 mRNA levels were determined by Northern blot. As shown in Figure 1A , the CCL20 transcript was detectable in normoxic Mn and upregulated upon hypoxia exposure. The magnitude of hypoxia effects was then evaluated by qRT-PCR in a panel of 14 different donors (Fig. 1B) . Expression of the classical hypoxiainducible gene, VEGF [12] , was measured in parallel as an index of Mn response to hypoxia. In agreement with previous findings [12, 14] , VEGF mRNA was strongly induced in all the donors tested, although with some degree of donor-to-donor variability. CCL20 mRNA up-regulation was also consistently triggered by hypoxia, ranging from 3.2-to 19.6-fold among individual donors (Fig. 1B) , confirming the general inducibility of the gene in Mn. Hypoxia stimulatory effects were exerted at early time-points, being detectable within 3 h of culture, with a maximal increase observed after 10 h (Fig. 1C) , and were reversible, as reoxygenation for 3 h restored CCL20 mRNA expression to normoxic levels ( Fig. 1D) .
Mn differentiate into Mf after tissue infiltration [1] . It was of interest to determine whether hypoxia induced CCL20 in differentiated Mf. CCL20 mRNA expression and protein secretion under normoxic and hypoxic conditions were compared in Mn and matched MDM preparations. As depicted in Figure 2 , MDM expressed constitutively low levels of CCL20 mRNA, relative to Mn, and exposure to 1% O 2 for 16 h resulted in a three-to fourfold up-regulation of transcript expression ( Fig. 2A) . A parallel, significant increase in chemokine secretion was measured by ELISA (Fig. 2B) . A similar pattern of results, but a higher extent of induction, was obtained in fresh Mn (Fig. 2) . It can be concluded that hypoxia is active on different types of mononuclear phagocytes as a CCL20 inducer and that the magnitude of response differs depending on the cell differentiation stage.
Hypoxia transcriptionally activates the CCL20 gene CCL20 gene transactivation in response to other stimuli has been previously reported [37, 44] . We analyzed hypoxia effects on CCL20 promoter activity by transient transfection using the pGL2-MIP-3␣ reporter construct, which contains a 929-bp fragment from the human CCL20 5Ј-flanking region (-871/ϩ 58) linked upstream to the firefly luciferase coding sequence [38] . As primary Mn/Mf are difficult to transfect, we used for these experiments the ANA-1 murine Mf cell line that we have shown to be susceptible to transfection and to hypoxia stimulation [12, 13, 18] . Inducibility of the CCL20 promoter construct by hypoxia was compared with that of a luciferase reporter construct driven by 1005 bp of the human VEGF promoter (VEGF-p7), which contains a functional HIF-1␣-binding site and is transactivated by hypoxia in ANA-1 [12] . The pGL2-HRE construct, encoding the luciferase gene driven by three tandem copies of the HRE from the mouse iNOS promoter upstream of the minimal SV40 promoter, and the pGL2 promoter vector were used as a positive and a negative control, respectively. Cotransfection with the Renilla luciferase control plasmid was carried out to normalize for transfection efficiency. Luciferase activity of each plasmid under normoxia (data not shown) was taken as a reference to assess hypoxia effects. The pGL2-MIP-3␣ reporter construct showed low basal activity, and exposure to hypoxia for 16 h resulted in a median threefold luciferase increase above the baseline in eight independent experiments (Fig. 3A) . A similar magnitude of response was detectable in cells transfected with the VEGF-p7 construct, suggesting that hypoxia is a comparable stimulus for CCL20 and VEGF gene transactivation in ANA-1 Mf. Luciferase activity was substantially increased (by approximately sevenfold in hypoxic relative to normoxic cells) upon transfection with the pGL2-HRE construct, whereas it was not affected in cells transfected with the pGL2-promoter vector (Fig. 3A) .
To confirm CCL20 promoter inducibility by hypoxia in human cells, we performed transfection experiments in the human Mn cell line U937, which expresses CCL20 mRNA after hypoxia stimulation, consistent with the data obtained in primary Mn (data not shown). Despite lower transfection efficiency with respect to ANA-1 cells, we detected a comparable, significant increase of CCL20 promoter transactivation in response to hypoxia upon transfection with the pGL2-MIP-3␣ plasmid. Transcription of the VEGF promoter (VEGF-p7 construct) was also increased by hypoxia, whereas no substantial change in luciferase activity was observed with the pGL2-promoter vector (Fig. 3B) . These results clearly indicate that the CCL20 gene is transcriptionally induced by hypoxia in cells of the Mn lineage and that the -871/ϩ58 promoter region contains cis-acting regulatory elements targeted by hypoxia.
A NF-B-binding element is required for CCL20 promoter transactivation by hypoxia
To identify the HRE(s) involved in CCL20 gene activation, we generated a series of deletion mutants in the 5Ј-flanking region of the CCL20 gene linked to the luciferase reporter gene and analyzed luciferase activity under hypoxia (Fig.  4A) . Deletion of the region from -871 to -626 (plasmid pGL2-MIP-3␣/⌬626) reduced promoter transactivation to ϳ50% of that seen with the full-length plasmid in ANA-1 (upper panel) and U937 (lower panel) cells. Further deletion from -626 to -358 (pGL2-MIP-3␣/⌬358 construct) did not substantially affect luciferase activity, which was increased with respect to the full-length construct after promoter truncation to nt -288 (pGL2-MIP-3␣/⌬288 construct). Interestingly, deletion to nt -77 (pGL2-MIP-3␣/⌬77 construct) completely abrogated luciferase activity induced by hypoxia in both cell lines (Fig. 4A) . Taken together, these findings suggest that CCL20 gene regulation by hypoxia in Mn cells is controlled through positive and negative cis-acting elements present in the -871/-77 promoter fragment and that the region comprised between nt -288 and -77 is essential for CCL20 promoter activation. We, thus, focused on this region for the following studies. No HRE was found in the -288/-77 CCL20 promoter sequence, which, however, contained several putative-binding sites for various transcription factors previously shown to be involved in CCL20 gene transactivation by inflammatory cytokines in other cell systems, including AP-1, c-Ets, and NF-B [37, 38, 44, 45] . To determine whether these motifs played any role in the hypoxic activation of the CCL20 promoter, we generated by site-directed mutagenesis a series of constructs containing a 3-bp substitution of each of the consensus sequences in the pGL2-MIP-3␣ (Fig. 4B and ref. [38] ), and the effect of mutations was analyzed in ANA-1 (Fig. 4C, left panel) and U937 (Fig. 4C, right panel) cells. Mutation of the AP-1 motif (nt -272 to -266; pGL2-MIP-3␣/mAP1 construct) did not substantially affect pGL2-MIP-3␣ inducibility by hypoxia, whereas a 40 -45% reduction in promoter activation was de- suggesting the requirement of this element for CCL20 promoter transactivation by hypoxia in mononuclear phagocytes.
The ability of the NF-B motif to confer hypoxia inducibility in a different promoter context was then investigated. We subcloned three tandem copies of the CCL20 NF-Bbinding site, wild-type (pGL3-3x-B construct) or mutated (pGL3-3x-mB construct), into the pGL3-promoter luciferase vector upstream of the minimal SV40 promoter (Fig.  5A ) and analyzed their enhancer activity on the luciferase gene in transient transfection assays (Fig. 5B) . The pGL3-promoter plasmid was transfected in parallel as a control. A mean 3.8-fold increase in luciferase activity was attained after 16 h exposure to hypoxia in ANA-1 cells transfected with the pGL3-3x-B construct (Fig. 5B, left panel) . Mutation in the NF-B-binding site completely abrogated responsiveness to hypoxia. Comparable results were obtained in U937 cells, confirming the enhancer activity of the NF-B motif under hypoxia (Fig. 5B, right panel) . We conclude that the NF-B-binding site is essential in driving CCL20 transcription in response to hypoxia.
Hypoxia induces DNA-binding activity to the CCL20 NF-B motif in Mn
To confirm the role of NF-B in CCL20 transcriptional activation by hypoxia, nuclear extracts from fresh Mn exposed to hypoxia for 3 h were assayed for binding activity to a 31-bp 32 P-labeled, double-strand oligonucleotide encompassing the NF-B consensus sequence of the CCL20 promoter (B-wt; Fig. 6A ) by EMSA. As depicted in Figure 6A , nuclear extracts from normoxic Mn bound the B-wt oligomer (Fig. 6A, Lane 1) . Binding activity was markedly increased in response to hypoxia (Fig. 6A, Lane 2) , ranging from 2.6-to 4.5-fold in five different experiments (data not shown). Binding required the integrity of the NF-B motif, as it did not occur when EMSA was performed using a mutated oligonucleotide (B-mut) containing the same 3-bp substitution in the NF-B site that abolished functional activity in transfection assays (Fig. 6A,  Lanes 3 and 4) . Competition experiments demonstrated specificity of the DNA-protein interaction. Binding of nuclear extracts from hypoxic Mn (Fig. 6B , Lane 1) was specifically competed for by a 50-fold molar excess of a cold wild-type NF-B element (Fig. 6B, Lane 2) , whereas the mutated form of the consensus oligomer failed to compete for binding (Fig. 6B,  Lane 3) . To identify the NF-B-binding subunit(s), we performed supershift analysis using antibodies directed to NFBp65, NF-Bp50, or cRel proteins (Fig. 6B, Lanes 4 -6 ). The binding complex was completely supershifted by the anti-NFBp50 antibody (Fig. 6B , Lane 5), whereas it was not affected by antibodies to NF-Bp65 (Fig. 6B, Lane 4) or cRel (Fig. 6B,  Lane 6 ). Similar EMSA and supershift results were observed with nuclear extracts from U937 cells (Fig. 6C) , suggesting that p50 was the only NF-B family member binding to the B element of the CCL20 promoter in Mn-lineage cells under hypoxia.
As shown by UV-cross-linking studies performed with the B-wt oligomer on the same nuclear extracts analyzed by EMSA (Fig. 6D) , DNA-protein adducts of 50 -55 kDa molecular weight were cross-linked in normoxic Mn (Fig. 6D , Lane 1), and their amounts were increased upon hypoxia exposure (Fig. 6D, Lane 2) . Formation of cross-linked adducts required the integrity of the B site, as it did not occurr when the B-mut oligo was used as a probe (Fig. 6D, Lanes 3 and 4) . These findings indicate that p50/50 homodimers are the only detectable NF-B protein complexes binding to the functional -92/-82 NF-B site in the CCL20 promoter in hypoxic Mn.
NF-Bp50 transactivates the CCL20 promoter in Mn cells
The ability of NF-Bp50 protein to functionally transactivate the CCL20 promoter was then investigated. The pRSV-NF-B1 expression plasmid encoding the full-length NF-Bp50 cDNA or the control empty vector pRSV was cotransfected into ANA-1 (Fig. 7A) and U937 (Fig. 7B ) cells with the pGL2-MIP-3␣ or the pGL2-MIP-3␣/mB reporter constructs. Cell extracts were assayed for luciferase activity after 16 h. Overexpression of NF-Bp50 significantly increased CCL20 promoter-driven luciferase activity relative to cells cotransfected with the empty vector. CCL20 promoter transactivation was dependent on the NF-B site, as overexpressed NF-Bp50 was unable to transactivate the mutated pGL2-MIP-3␣/mB construct. A similar pattern of results was obtained when the pRSV-NF-B1 vector was cotransfected with the pGL3-3x-B reporter construct, containing the CCL20-B trimer or the corresponding mutated construct (pGL3-3x-mB). The NF-B motif was able to efficiently drive p50-induced luciferase activity, which was increased by 5.3-and 4.7-fold in ANA-1 (Fig.  7A) and U937 (Fig. 7B ) cells, respectively, compared with cells cotransfected with the control pRSV plasmid, and reporter gene activation was repressed by mutation of the NF-B site. We conclude that NF-Bp50 not only binds to the -92/-82 B site in the CCL20 promoter but is also able to drive CCL20 promoter transactivation in Mn cells.
Hypoxia differentially modulates the expression of the NF-B family members in Mn
NF-B-dependent gene transcriptional activation is regulated by proinflammatory stimuli in a cell type-specific manner through several mechanisms, including control of the relative amounts of the different NF-B subunits [46, 47] . Western blot analysis was carried out to establish whether hypoxia could differentially regulate NF-Bp50, NF-Bp65, and cRel expression and/or nuclear translocation in Mn. As shown in Figure 8 , expression of all three subunits was detectable in cytoplasmic extracts from normoxic Mn, and exposure to hypoxia induced an increase of NF-Bp50 levels within 3 h culture (Fig. 8, Lane 4) , without substantially affecting the expression of the other two subunits. In contrast, NF-Bp65 expression was abrogated, whereas that of cRel was reduced by hypoxia in nuclear extracts. Hypoxia inhibitory effects were exerted at early time-points, being detectable already within the first hour of culture (Fig. 8, Lane 6 ), and were maintained at least for 3 h. These data suggest that hypoxia selectively inhibits NF-Bp65 and to a lesser extent, c-Rel nuclear translocation in primary Mn.
NF-Bp50 knockdown results in the abrogation of hypoxia-induced binding to the CCL20 NF-B motif
Finally, to confirm the specific role of NF-Bp50 in mediating binding activity to the CCL20-B motif in hypoxic Mn cells, we induced targeted knockdown of the endogenous NF-Bp50 protein by lentiviral-mediated RNA interference. Because of low lentivirus transduction efficiency in primary Mn (approximately 5%), we used for these experiments, the U937 cell line, whose transduction efficiency was Ͼ50%, as assessed by infection with a control EGFP-expressing LV-shC lentivector (data not shown). Specificity and efficiency of the LV-shp50 lentiviral vector, containing shRNA for the human NF-Bp50 gene, as well as its optimal concentration and kinetics, were determined experimentally by immunoblotting (data not shown). As depicted in Figure 9A , which shows a representative Western blot of three performed, U937 cells constitutively expressed high nuclear levels of NF-Bp50 (Fig. 9A , Lane 1), which were substantially unaffected by exposure to hypoxia for 3 h (Fig. 9A, Lane 2) , similarly to what was shown for primary Mn. Complete suppression of NF-Bp50 expression was achieved in cells infected with LV-shp50 (Fig. 9A , Lanes 3 and 4), whereas p50 levels were not affected by infection with control LV-shC (Fig. 9A, Lanes 5 and 6 ). LVshp50 transduction did not modify the expression of actin used as an internal control (Fig. 9A, Lanes 3 and 4) . Binding activity to the B-wt oligomer, encompassing the CCL20-B consensus sequence, was then assessed by EMSA in U937 cells, mocktransduced or transduced with LV-shp50 or LV-shC lentivectors (Fig. 9B) . NF-B-binding activity was markedly increased (by an average of 3.5-fold) in response to hypoxia in uninfected cells (Fig. 9B, Lane 2) . NF-Bp50 silencing resulted in the abrogation of constitutive (Fig. 9B, Lane 3) and hypoxiainduced (Fig. 9B, Lane 4) (Fig. 9B , Lanes 5 and 6) relative to mock-infected cells (Fig. 9B, Lanes 1 and 2 ). These data complement the results obtained by supershift UV cross-linking and promoterdriven reporter experiments, providing further evidence that CCL20 transactivation by hypoxia in Mn cells is mediated by NF-Bp50.
DISCUSSION
Regulation of leukocyte recruitment and activation by changes in O 2 tension is a central event during the organization of host responses in inflammatory and neoplastic tissues [1] . The influence of the hypoxic microenvironment on the chemotactic network in cells of the Mn lineage has been previously reported [1, 14 -19] . In this study, we have characterized a previously unrecognized role for hypoxia as a transcriptional inducer of the CCL20 chemokine in primary Mn, MDM, and Mn cell lines. Moreover, our results clearly establish the direct involvement of the NF-B pathway in promoting CCL20 transcription by hypoxia and identify a single NF-B family member, NFBp50, as a transcriptional activator of the CCL20 gene in hypoxic Mn.
Previous reports have shown that CCL20 is inducible by various mediators of inflammation, such as proinflammatory cytokines, bacterial and viral infections, and plant products, in several cell lines and primary cells, with the extent of induction highly dependent on the cell background and the nature of the inflammatory stimulus [37, 38, 44] . Expression of CCL20 in human Mn was found up-regulated in response to LPS [48] . Here, we show that hypoxia is a new stimulus for CCL20 production by mononuclear phagocytes. Exposure to hypoxia Fig. 8 . Western blot analysis of NF-B proteins in primary Mn. Cytosolic and nuclear extracts (40 g) were prepared from fresh Mn exposed to normoxia (-) or hypoxia (ϩ) for 1 and 3 h. Proteins were resolved on a 10% SDS-PAGE, and the blots were hybridized with antibodies directed to NF-Bp50, NF-Bp65, c-Rel, and actin as a loading control. A representative Western blot of three performed with Mn from different donors is shown. Fig. 7 . Transactivation of the CCL20 promoter by NF-Bp50. ANA-1 (A) and U937 (B) cells were transiently cotransfected with the indicated luciferase constructs and with the pRSV control vector or the pRSV-NF-B1 expression plasmid. Luciferase activity is presented relative to cells cotransfected with control pRSV (arbitrarily defined as 1) after normalization for protein content and to the levels of cotransfected pRL-TK-Renilla luciferase plasmid. The mean Ϯ SD of three independent experiments is shown. Fold increase values are indicated; *, P Ͻ 0.01; **, P Ͻ 0.001, versus control pRSV-cotransfected cells.
consistently up-regulated CCL20 mRNA levels in primary Mn, which were paralleled by a rise in chemokine secretion. Interestingly, the amounts of CCL20 secreted by hypoxic Mn (ϳ4 ng/ml) were in the range of those triggered by IL-1␤ or measle virus in fibroblasts, epithelial, and tumor cell lines [44, 48] and by LPS or PMA in fresh PBMC and in myelomonocytic THP-1 cells [48] , suggesting that the potency of hypoxia as a CCL20 inducer is comparable with that of classical, proinflammatory stimuli. Approximately 20-to 35-fold lower constitutive levels of CCL20 were detectable in MDM, relative to matched, fresh Mn. However, similarly to Mn, MDM were susceptible to hypoxia stimulatory effects. A three-to fourfold CCL20 mRNA up-regulation was detectable upon MDM exposure to 1% O 2 and was paralleled by increased amounts of secreted chemokine (an average of 200 pg/ml), which were in the range of those produced by human T cell lymphotropic virus-1-infected T cell lines [38] . These results demonstrate that mononuclear phagocytes are an important source of CCL20 under hypoxic conditions, although the magnitude of the response varies depending on their differentiation stage.
Induction of CCL20 expression was dependent, not only on the O 2 concentration but also on the extent and duration of the hypoxic exposure. We observed a time-dependent increase of CCL20 mRNA, which occurred rapidly, being detectable within 3 h of culture and was maximal after 10 h, suggesting a direct response to hypoxia. This effect was fully reversible, as cell reoxygenation restored mRNA expression to levels comparable with those detected in normoxic cells, suggesting that CCL20 expression in Mn in vivo may vary dynamically with the degree of local oxygenation, which is quite heterogeneous and rapidly fluctuating within inflammatory and tumor lesions [49] , thus resulting in shifting gradients of secreted CCL20. These findings may explain, at least in part, the high levels of CCL20 present in vivo in areas of inflammation [34] and in various chronic inflammatory conditions, such as rheumatoid arthritis, inflammatory skin disorders, and malignant tumors (for a review, see ref. [34] ), which are characterized by areas of hypoxia and heavy mononuclear phagocyte infiltration [1, [7] [8] [9] . Given the central role of CCL20 in the recruitment of iDC, effector/ memory T lymphocytes, and naive B cells, which express the CCL20-specific receptor, CCR6, modulation of its production is critical for the regulation of innate and acquired immunity [34] . Hence, hypoxic induction of CCL20 in mononuclear phagocytes is likely to represent an important mechanism to control the kinetics and composition of the cellular infiltrate in pathological tissues. Whether cells other than those of the Mn lineage are susceptible to hypoxia stimulatory effects on CCL20 production still remains to be determined.
Chemokine production is primarily regulated at the level of gene transcription [5, 18, 19, 27] . Activation of CCL20 transcription in response to proinflammatory cytokines has been shown to depend on various cis-acting regulatory elements present in the 5Ј-flanking region of the gene, exhibiting celltype and stimulus-specific patterns [37, 38, 44, 45] . Our data show inducibility by hypoxia of a luciferase construct containing a CCL20 promoter fragment comprised between nt -871 and ϩ 58 in the mouse Mf line, ANA-1, and in the human Mn cell line, U937, providing the first evidence that hypoxia can exert transcriptional control on CCL20 gene expression in mononuclear phagocytes. The increase in transcription was comparable with that detectable in cells transfected with the VEGF-p7 construct, suggesting that hypoxia is a comparable stimulus for CCL20 and VEGF gene transactivation and raising the issue of the regulatory pathway(s) involved. No region of homology with HRE was found by inspection of the -871/ϩ 58 CCL20 promoter sequence (GenBank Accession Number AY150053; data not shown), suggesting the involvement of other putative, cis-acting sequences. Signaling pathways involving a number of transcription factors and regulatory elements other than HIF/HRE can be activated by hypoxia, directly or indirectly, and mediate gene transcription [26] . Deletion experiments revealed that transcription factor-binding sites within the first 288 nt of the CCL20 promoter were necessary and sufficient for CCL20 transcriptional activation in hypoxic Mn, and site-directed mutagenesis identified a NF-B-binding motif, located at position -92/-82, relative to the putative transcription start site, as the primary hypoxia target. The requirement for the NF-B element was demonstrated by the following evidences: A 3-bp mutation in the NF-B-binding site completely abrogated CCL20 promoter inducibility by hypoxia, indicating that the integrity of this motif was critical for transcription; three copies of the wild-type, but not the mutated, NF-B motif were sufficient to confer hypoxia responsiveness to a minimal heterologous promoter; and hypoxia increased a specific DNA-binding activity to an oligomer encompassing the CCL20-B-binding site but not to an oligomer carrying the same NF-B site mutation that abrogated hypoxia inducibility in functional assays. It is important to acknowledge that other binding elements, in addition to NF-B, may be involved in the regulation of CCL20 inducibility by hypoxia, as shown by functional assays with mutation/deletion reporter constructs. Specifically, we found that deletion of the promoter region, comprised from nt -358 to -288, increased gene transcription by hypoxia, suggesting that this sequence binds to a putative hypoxia-inducible transcription repressor(s), similarly to what has been reported for other genes [18, 50] . On the other hand, the putative c-Ets-binding site (nt -154/-143) seemed to possess an additional, although not essential, role in CCL20 transcription activation, in agreement with previous findings showing the involvement of the c-Ets-binding factor, ETS-1, in a hypoxia-transcriptional response [25, 26] . Activation of the NF-B pathway by hypoxia was previously shown to mediate the induction of genes coding for IL-6 [28] , erythropoietin [24] , CXCL2 [19] , CXCL8 [27, 51] , TNF-␣ [26] , and cyclooxygenase-2 [52] . This report extends the list of target genes to include CCL20.
NF-B/Rel transcription factors are key regulators of innate and adaptive immunity, driving transcription of a variety of inflammatory genes [53] . Various homo-and heterodimeric NF-B complexes with different DNA sequence specificities and DNA-binding affinities can form in response to stimulation in a cell type-specific manner, contributing to the specificity of NF-B signaling and NF-B-mediated gene transcription [46, 54, 55] . Previous studies about hypoxic NF-B activation demonstrated that target gene induction was dependent on NF-Bp65 in various types of cells [19, 28, 33, 52, 56] . Furthermore, the involvement of NF-Bp65 homodimers and/or NF-Bp50/p65 heterodimers in CCL20 induction by proinflammatory cytokines was reported [37, 38, 44, 45] . Conversely, this study provides the first evidence of a role for the single NF-Bp50 family member in mediating CCL20 gene transactivation by hypoxia. Constitutive binding of NF-Bp50, but not of the other NF-B subunits, to the -92/-82 B consensus sequence in the CCL20 promoter was detected in the nucleus of primary Mn and Mn cells under normoxia by cellular fractionation, followed by immunoblotting, EMSA, and UV cross-linking, consistent with previous data showing the constitutive presence of p50 homodimers in unstimulated Mn cell lines and their binding to a number of gene promoters [46, 54, 57] . Hypoxia exposure increased NF-B-binding activity, and addition of the anti-NF-Bp50 antibody completely supershifted the binding complex. In contrast, antibodies directed to NF-Bp65 or cRel, as well as to RelB or NF-Bp52 (data not shown), failed to supershift, suggesting that p50 was the only NF-B family member binding the functional CCL20-B site in hypoxic Mn cells. Results from UV cross-linking experiments were consistent with p50/p50 homodimer binding. The specific role of p50 was further confirmed by binding experiments performed in NF-Bp50 knockdown Mn cells, which demonstrated complete inhibition of hypoxia-induced binding to the CCL20-B motif upon p50 silencing. These results, together with the demonstration of the ability of NF-Bp50 to transactivate the full-length CCL20 promoter construct through the B site and induce the enhancer activity of the CCL20-B trimer in transient transfection assays, support the conclusion that CCL20 induction by hypoxia is fully dependent on p50 action in Mn cells.
NF-Bp50 homodimers are known to act predominantly as gene repressors, and several studies demonstrated that p50 overexpression or enhanced DNA-binding activity can decrease the expression of several NF-B-dependent genes in different cell types [47, 55, 58] . However, in vitro studies have shown that p50/p50 homodimers may also be endowed with transactivating properties toward specific NF-B consensus sequences [46, 59, 60] and that they can mediate cytokineinduced transactivation of a restricted number of genes [60 -62] , suggesting a dual role for NF-Bp50 on gene transcription, depending on the promoter involved. This study together with a recent report by Cao et al. [62] , showing that NF-Bp50 alone can promote transcription of IL-10 by LPS in Mf, raise the possibility that p50/p50 homodimers can act as transcriptional activators in cells of the Mn lineage in response to various stimuli. Additional support for a role of p50 in gene induction in Mn cells is provided by our previous observations that transactivation of the IL-2R␣ promoter by IFN-␥ is associated with increased NF-Bp50 binding in primary human Mn (unpublished results). Studies are currently underway to investigate whether stimuli other than hypoxia can transcriptionally activate CCL20 in human Mn through NF-Bp50 homodimers.
The mechanisms leading to the selective formation of p50 homodimers in response to hypoxia remain to be characterized. Modulation of the relative amounts of the NF-B family members in the cell nucleus may influence the formation of the different homo-and heterodimeric complexes [46, 47] . NF-B proteins in resting cells are sequestered in the cytoplasm as preformed factors by inhibitory proteins (IB), which become phosphorylated and subsequently, degraded after cell activation, allowing NF-B subunits to translocate to the nucleus and bind their cognate DNA-binding sites [46, 47] . Interestingly, we found that hypoxia rapidly (within 1 h) and selectively abrogated NF-Bp65 and reduced c-Rel nuclear expression in Mn, without modifying their cytoplasmic levels, suggesting an inhibitory effect on p65 and c-Rel nuclear translocation and providing a possible explanation for the detection of p50 homodimers as the only NF-B complexes binding to the CCL20 promoter in hypoxic cells. Whether hypoxia may act by inhibiting phosphorylation-dependent IB degradation or by upregulating IB protein expression still remains to be assessed. Inhibition of p65 nuclear translocation associated with increased p50 homodimer binding was previously observed in human Mn cells in response to IL-10 [63] . On the other hand, the reason why the increase of NF-Bp50 cytoplasmic levels following 3 h exposure to hypoxia was not associated with concomitant nuclear up-regulation is unclear. Previous studies have shown that the kinetics of NF-Bp50 increases in the nucleus of Mn cells and differs, depending on the stimulatory agent, ranging from a few minutes to several hours, presumably reflecting a stimulus-specific ability to mobilize the preformed pool of NF-Bp50 sequestered in the cytoplasm [54] . A possible interpretation of our results is that hypoxia, like PMA [54] , is inefficient in releasing p50 from inhibitory IB for transport to the nucleus but that it induces de novo NF-Bp50 synthesis, as suggested by the observed increase of this subunit in the cytoplasm, thus resulting in delayed NF-Bp50 nuclear up-regulation. Hence, it is likely that the increased NF-Bp50 homodimer binding detectable in Mn in response to 3 h hypoxia may be accounted for by post-translational modifications, which are required to generate active DNA-binding proteins, of the preformed NF-Bp50 subunit present in the nucleus [60] . Another possible explanation is that hypoxia may enhance p50 binding indirectly, by affecting the expression and/or functional activity of known p50-interacting, transcriptional coactivator(s), such as Bcl-3 [59] , C/EBP [61] , p300 [60] , CREBbinding protein [62] , and epithelium-specific ETS-1 (ESE-1) [64] . The observation that the 5Ј-flanking region of the human CCL20 gene contains putative-binding sites for ESE-1 (nt -154/-143) and C/EBP (nt -101/-93), adjacent to the NF-B motif [45] , is consistent with the possibility that these two transcription factors may cooperate with NF-Bp50, and future studies to address this possibility are warranted.
In conclusion, this is the first report showing a role for the single NF-Bp50 subunit in gene transcription activation by hypoxia. These results add new insights to our current understanding of gene regulation by hypoxia and to the molecular mechanisms linking low pO 2 to the control of inflammatory responses and inflammation-associated tumorigenesis. Strong evidence suggests that inflammation and cancer are causally linked and that the degree of inflammation and the type of inflammatory/immune cells present at tumor sites are responsible for titling the balance between tumor progression and regression [65] . Tumor-infiltrating mononuclear phagocytes are a major component of the inflammatory circuit that promotes tumor progression [10] , and NF-Bp50 was recently shown to account for their protumoral phenotype by promoting IL-10 and inhibiting IL-12 and TNF-␣ production [58, 62] . Hence, it is tempting to speculate that increased NF-Bp50 activity may represent one of the molecular mechanisms responsible for the functional alterations of Mn-infiltrating hypoxic tumor areas [10] . Recent findings implicating CCL20 overexpression in the progression and metastatic spread of several types of tumors [66] are in line with this hypothesis. Inhibition of NF-Bp50 activity in tumor-associated mononuclear phagocytes may thus represent a potential anti-cancer strategy.
